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In the oocytes of many animals, the germinal vesicle (GV) relocates from the center to the periphery of the oocyte upon meiosis
reinitiation, which is a prerequisite to the formation of meiotic spindles beneath the cell surface in order for meiosis to succeed. In the present
study, we have investigated nuclear positioning using sea-cucumber oocytes. Upon meiosis reinitiation, the GV relocates to the cell periphery
beneath a surface protuberance. After GV breakdown, polar bodies were extruded from the top of the protuberance, which we therefore called
the animal pole process. The GV relocation was inhibited by nocodazole but not by cytochalasin. Immunofluorescent staining and electron
microscopy of microtubular arrays revealed that: (i) in immature oocytes, two centrosomes were situated beneath the animal pole process far
apart from the GV, anchoring to the cortex via astral microtubules; (ii) upon meiosis reinitiation, microtubular bundles were newly formed
between the centrosomes and the GV; and (iii) the microtubular bundles became short as GV migration proceeded. These observations
suggest that microtubules and centrosomes participate in GV relocation. A very large mass of annulate lamellae, having a 20-Am diameter,
was found in the vegetal pole of the oocytes.
D 2005 Elsevier Inc. All rights reserved.
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The animal–vegetal axis is a fundamental axis required
for an egg to develop. The final step in establishing this axis
depends on the success of meiosis because the region from
which polar bodies are extruded is finally determined as the
animal pole. For the success in extremely unequal divisions
to extrude polar bodies, meiotic spindles must be formed
just beneath the oocyte cortex. The eccentric positioning of0012-1606/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
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E-mail address: kotan@pop3.net (A. Miyazaki).the meiotic spindles has a close relationship with the
position of the germinal vesicle (GV) upon the reinitiation
of meiosis by oocytes.
In oocytes of some species such as the surf clam,
Spisula solidissima (Kuriyama et al., 1986; Pielak et al.,
2004), mouse (Tombes et al., 1992) and human (Goud et
al., 1999), the GV is located in the center of the cells.
Upon meiosis reinitiation, the GV breaks down there, and
a spindle for meiosis I forms at the site of the GV and
migrates toward the oocyte surface. Contrary to this, in
many animals, the GV relocates from the center of oocyte
to an eccentric position beneath the oocyte surface prior to
the breakdown of GV (GVBD). In starfish (Miyazaki et
al., 2000) and Xenopus (Gard, 1991) oocytes, for example,
the GV are located beneath the cortex some time before the280 (2005) 237–247
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extruded on the oocyte surface very close to the location of
the GV. In other species (Habibi and Lessman, 1984;
Maruyama, 1980; Nakashima and Kato, 2001), the GV
stays in the center of the immature oocyte. Upon meiosis
reinitiation, the GV starts to migrate toward the cell
periphery, finally reaching a location just beneath the
oocyte surface, which is followed by GVBD. Inhibition of
GV relocation or artificial translocation of the GV into the
deeper cytoplasm results in the failure of polar body
extrusion (Gard, 1993; Maruyama, 1990; Miyazaki et al.,
2000). In those oocytes, therefore, the eccentric relocation
of the GV beneath the oocyte surface is a prerequisite for
successful meiosis.
In many cells, the movement and positioning of
nuclei is a microtubule-dependent process (Reinsch and
Go¨nczy, 1998). In starfish, the GV stays in the center of
growing oocytes, but in fully-grown oocytes it is located
beneath the cortex. The eccentric position of GV is
maintained by microtubules nucleated by centrosomes
anchored to the cortex (Miyazaki et al., 2000). It is
probable that microtubular arrays are also beneficial for
GV relocation upon meiosis reinitiation, which is a
prerequisite step to anchor the GV to the oocyte surface.
We investigated this possibility using oocytes of the sea
cucumber, Holothuria moebi.
In immature oocytes of this species, the GV rests in the
center (Fig. 1a). The oocytes bear a cytoplasmic protub-
erance such as that seen in other holothurians (Maruyama,
1980; Ohshima, 1925; Smiley and Cloney, 1985). Upon
meiosis reinitiation, the GV starts to migrate toward andFig. 1. Process of oocyte maturation. Difference interference-contrast (DIC) mic
meiosis reinitiation with a starfish-nerve extract. This is applied to other figures. (a)
oocyte bears a prominent protuberance that we term the animal pole process (arrow
elongated, then started to migrate toward the animal pole process. At this time,
(arrow). (c) During the migration, the GV became flattened in an area facing the
became broader and the indentations grew larger (arrowhead). (e) When reached be
the first polar body (arrowhead) at the top of the process. (h) Second polar bodyfinally reaches the area beneath the protuberance, which is
followed by GVBD. The protuberance is, therefore, a good
landmark to mark the point of the oocyte surface where the
GV is to migrate and then anchor. These features are useful
in analyzing the mechanism of GV relocation. Results of
the present study have revealed that the centrosomes are
situated beneath the oocyte cortex some distance from the
GV in fully-grown immature oocytes, and that micro-
tubular arrays formed by the centrosomes participate in the
eccentric relocation of the GV upon meiosis reinitiation. In
both the animal and vegetal pole regions of the oocytes,
prominent annulate lamellae were observed. In the animal
pole region, they were found associated closely with the
centrosomes and along the microtubules. At the vegetal
pole, a huge mass of annulate lamellae was present, which
was defined as the substrate of the dclear spotT that had
been observed by light microscopy as a vegetal pole-
specific structure in sea-cucumber oocytes (Maruyama,
1981).Materials and methods
Preparation of oocytes
Specimens of the aspidochirote holothurian, H. moebi,
were collected in the breeding season (July) from the
intertidal zone of the coast near the Tateyama Marine
Laboratory, Marine and Coastal Research Center of
Ochanomizu University, Chiba, Japan and maintained in
running seawater. Immature oocytes excised from theroscopy. Numerals at the lower right corner indicate the time (min) after
A GV bearing a nucleolus is situated at the center of immature oocytes. The
head). (b) After oocytes were treated with the nerve extract, the GV slightly
fibrous structures appeared between the animal pole process and the GV
process, and some indentations formed (arrowhead). (d) The flattened area
neath the process, the GV became hemispheric. (f) GVBD. (g) Extrusion of
extrusion (arrowhead).
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seawater (CaFSW) to remove the follicular envelope, and
were then rinsed several times with filtered normal
seawater (NSW). In some experiments, the jelly coat was
removed by treating the oocytes with acidified NSW (pH
4.5). Oocytes were cultured at 208C throughout the
study.
Reinitiation of meiosis
Although natural meiosis-inducing substances from sea-
cucumber oocytes have not been identified to date,
dithiothreitol (Maruyama, 1980) or an extract obtained
from starfish radial nerves (Maruyama, 1986; Strathmann
and Sato, 1969) is known to be effective for the induction of
meiosis. In the present study, the extract prepared from
radial nerves of the starfish, Asterias amurensis, was used.
The radial nerves obtained from five adult starfish were
homogenized in 6 ml of distilled water on ice. The
homogenate was then centrifuged at 5000  g for 10 min
at 48C. The obtained supernatant was heated for 10 min at
808C, then mixed with an equal volume of double-
concentrated NSW, followed by a final dilution to 1/10
with NSW.
Treatment of immature oocytes with cytoskeleton drugs
Oocytes were treated with either 0.5 Ag/ml nocodazole
(Sigma-Aldrich Chemical Co., St. Louis, MO, USA) or 5
Ag/ml cytochalasin B (Sigma-Aldrich) for 30 min before
meiosis reinitiation. After a brief rinse with NSW, the
treated oocytes were then treated with the nerve extract to
reinitiate meiosis.
Immunofluorescence staining of microtubules
To examine the distribution and organization of
microtubules, oocytes were processed for indirect immu-
nofluorescence staining according to the method of
Miyazaki et al. (2000). Briefly, oocytes were treated
with acidified NSW for 30 min to remove the jelly coat.
The denuded oocytes were then rinsed several times with
NSW, followed by twice rinsing with CaFSW. The
specimens were extracted with a microtubule-stabilizing
medium for 15 min, then fixed with cold methanol
(208C). After rehydration with phosphate-buffered
saline (PBS) was conducted, the specimens were incu-
bated with a mouse monoclonal antibody against chick
a-tubulins (Amersham, Buckinghamshire, England, UK)
diluted to 1:1000 with PBS containing 1% bovine serum
albumin for 1 h, followed by incubation with a FITC-
labeled goat anti-mouse IgG antibody (1:500 dilution;
Tago, Burlingame, CA, USA) for 1 h. The specimens
were then stained with DAPI (Sigma-Aldrich; 0.5 Ag/ml
in PBS), and mounted in glycerol containing 10% of 10
AM Tris-HCl (pH 8.0) and 2.3% of 1,4-diazabicyclo[2.2.2.]octane (Sigma-Aldrich). They were then observed
with a fluorescence microscope (Optiphoto; Nikon,
Tokyo, Japan).
Electron microscopy
Oocytes were pre-fixed with 2.5% glultaraldehyde in
0.1 M sodium-phosphate buffer (pH 6.9) containing 1%
paraformaldehyde, 0.1 M sucrose, 10 mM EGTA, 5 mM
MgSO4 and 200 Ag/ml saponin, and post-fixed with 1%
OsO4 in 50 mM sodium-phosphate buffer (pH 6.4). After
dehydration in an ethanol series, the oocytes were
stained en bloc with uranyl nitrate and lead acetate.
They were then embedded in Poly/Bed 812 (Polyscience
Inc., Warrington, UK) on flat Falcon dishes (Becton
Dickinson, Franklin Lakes, NJ, USA). Appropriately
orientated oocytes were trimmed out in an approximately
0.1  1 mm area. Samples were serially sectioned at
0.1-Am thickness on an ultramicrotome (RMC MT6000;
RMC, Inc., Tucson, AZ,USA), and examined under a
transmission electron microscope (H 7100; Hitachi Ltd,
Tokyo, Japan).Results
Process of oocyte maturation
Fully-grown immature oocytes of H. moebi are 140–150
Am in diameter (Fig. 1a). The oocyte has a prominent GV
that is approximately 60 Am in diameter, and it usually
contains one vesiculated nucleolus. The GV is situated in
the center of the oocytes. On the cell surface, the oocyte
bears a protuberance, similar to that of oocytes of other
holothurians (Maruyama, 1980; Ohshima, 1925; Smiley and
Cloney, 1985).
Approximately 15 min after the application of starfish
nerve extracts, the GV slightly elongated toward the
protuberance (Fig. 1b), and then began to migrate toward
the protuberance. At this time, fibrous structures became
visible between the protuberance and the GV. During the
migration, the GV became flattened in the area facing
toward the protuberance (Fig. 1c), which became gradually
broader (Fig. 1d). On the flattened surface of the GV,
indentations formed. Approximately 10 min after the start
of the migration, the GV reached just beneath the
protuberance and changed its shape to a compressed
hemispheroid with one side attached to the inner surface
of the cell membrane (Fig. 1e). This was followed by the
breakdown of the GV (Fig. 1f). The first and second polar
bodies were extruded at the top of the protuberance
approximately 80 (Fig. 1g) and 110 min (Fig. 1h) after
the reinitiation of meiosis, respectively. The protuberance
is, therefore, a landmark of the animal pole of the oocytes.
Hereafter, we will refer to this process as the animal pole
process.
Fig. 2. GV migration in an oocyte deprived of the jelly coat. (a) When the jelly coat was removed, the animal pole process disappeared. (b–d) Upon GV
migration, a depression appeared on the cell surface (arrowheads). It grew deeper, then diminished during the GV migration. (e) The depression disappeared
when the GV reached the cell surface. (f–j) A nocodazole-treated oocyte without the jelly coat did not form the depression and failed the GV migration. The
GV broke down at the center of the oocyte.
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coat
When the jelly coat of immature oocytes was removed,
the animal pole process no longer occurred (Fig. 2a).
Instead, a depression formed in an area of the oocyte surface
during GV migration (Fig. 2b), which the GV migrated
towards. This depression grew larger (Fig. 2c), but then
diminished during the migration (Fig. 2d). When the GV
reached the point beneath the cell surface, the depression
disappeared, which made the cell surface smooth (Fig. 2e).
These results indicate that the area of the cell surface that
formed the depression is the area at which the animal pole
process occurred.
Effects of cytoskeleton inhibitors
The above observations on the oocytes without a jelly
coat suggest that there is a presence of a device to connect
the GV with the cell surface for the eccentric relocation of
the GV. To examine the involvement of cytoskeletons in
the GV movement, immature oocytes were pulse-treatedFig. 3. Effects of cytoskeleton drugs on GV migration. DIC microscopy. (a) Cytoc
migration, and the GV broke down at the center of the oocyte.with either cytochalasin B or nocodazole for 30 min prior
to the application of the starfish nerve extract. As shown in
Fig. 3a, cytochalasin B did not affect the GV migration,
which took place at the same time in the untreated oocytes.
In contrast, nocodazole completely inhibited the GV
migration, and the GV broke down at the center of the
treated oocytes (Fig. 3b). In nocodazole-treated oocytes
without a jelly coat, there was no depression of the cell
surface (Figs. 2f–j).
Microtubular structures
The inhibitory effect of nocodazole on GV migration
suggests that some microtubules participate in the nuclear
migration. Microtubules were therefore immunofluores-
cently stained using an anti a-tubulin antibody.
Immature oocytes contain three classes of microtubules,
based upon their location and orientation, that is, an aster-like
radial array beneath the cell surface, microtubules enclosing
the GV, and a meshwork in the cytoplasm (Fig. 4a).
After meiosis reinitiation with the nerve-extract treat-
ment, some microtubular bundles with faint staininghalasin B did not inhibit the GV migration. (b) Nocodazole suppressed the
Fig. 4. Microtubular arrays detected by immunofluorescent staining. (a–i) Microtubules and (aV–iV) DNA. (a) In immature oocytes, an aster-like array with long
microtubules radiating along the cell surface, GV-enclosing microtubules (arrowhead) and a meshwork in the cytoplasm are observed. (b, c) Upon meiosis
reinitiation, microtubular bundles (arrows) appeared between the aster and the GV just before the onset of GV migration, and they developed during the
migration. The GV-enclosing microtubules (arrowheads) became thicker in the area facing to the radial array. The GV-enclosing microtubules and the
cytoplasmic meshwork became sparse in the vegetal-pole region. (d) The GV situated itself just beneath the radial array and was covered with long microtubules.
(aV–dV) Chromosome condensation occurred drastically on the inner surface of the GVenvelope during the nuclear migration. (e, eV) After GVBD, microtubules
forming the radial array became shorter and dense, and chromosomes condensed further. The GV-enclosing microtubules were no longer observed, and the
cytoplasmic meshwork was sparse entirely in the oocyte. (f, f V) Two small asters formed beneath the cell surface and the chromosomes were close to the
asters. (g, gV–h, hV) First meiotic spindle. (i, iV) Second meiotic spindle. The scales in the frames a and g are applied to the frames b–e, and h–i, respectively.
Fig. 5. Microtubular arrays observed by confocal scanning microscopy. (a)
Ten minutes after meiosis reinitiation. Some microtubular bundles with
faint staining (arrow) were observed between the cell surface and GV. The
arrowhead indicates GV-enclosing microtubules. (b) Fifteen minutes after
meiosis reinitiation. Strongly stained microtubular bundles appeared. The
bundles spread on the way to the GVand formed a funnel-shaped structure.
The GV-enclosing microtubules (arrowhead) decreased gradually from the
flank to the vegetal pole side.
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GV (Fig. 5a, arrow), although such bundles were not
observed before the reinitiation of meiosis. Just before
the onset of GV migration, thick bundles of microtubules
with strong staining appeared as a running-like pattern
from the aster-like array toward the GV (Fig. 4b), and
then began to develop at the start of the migration (Fig.
4c). Confocal scanning microscopy revealed that these
bundles are generated from the center of the radial array
located beneath the cell surface (Fig. 5b, arrow), reach-
ing the GV-enclosing microtubules (arrowhead). As the
nuclear migration proceeded, the GV-enclosing micro-
tubules became thicker on the GV surface facing to the
radial array, and gradually decreased from the flank to
the area opposite the radial array (Figs. 4c and 5b).
Synchronously with these events, the cytoplasmic mesh-
Fig. 6. Microtubules of immature oocytes treated either nocodazole (a) or
cytochalasin B (b). Nocodazole treatment destroyed microtubular arrays
except for those around the animal pole process (arrowhead), but
cytochalasin did not affect the microtubular arrays.
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the radial array.
When the GV reached the point just beneath the cell
surface, it situated itself just beneath the radial array,
indicating that the radiating microtubules forming the aster
focus on the animal pole process (Fig. 4d). At this time, the
cytoplasmic meshwork became entirely sparse. In nocoda-
zole-treated oocytes, the GV-enclosing array and the
cytoplasmic meshwork were not observed, although micro-
tubules remained around the animal pole process (Fig. 6a).
Cytochalasin-B treatment did not affect the microtubular
structures (Fig. 6b).
After GVBD, those microtubules responsible for the GV
relocation vanished (Fig. 4e). Instead, small two asters
formed parallel to the cell surface (Fig. 4f), which then
formed a first meiotic spindle perpendicularly to the cell
surface (Fig. 4g). In late anaphase, tightly bound micro-
tubules with a slit in the middle were observed between the
separated chromosomes, the upper half of which is probably
located within the animal pole process (Fig. 4h). After
extrusion of a first polar body, a second meiotic spindle
formed, which was tiny compared with the first meiotic
spindle (Fig. 4i).
During the migration of the GV, chromosomes showed
marked changes in their morphology. Before the reinitiation
of meiosis, chromosomes were spread along the inner
surface of the nuclear membrane and were less condensed
(Fig. 4aV). During the migration of the GV, their condensa-
tion occurred drastically (Fig. 4bV). Features of the
condensed chromosomes at the completion of GV migration
(Figs. 4cV and dV) are comparable with those in immatureFig. 7. GV relocation and microtubular arrays in oocytes whose GV was moved
fibrous structure was observed between the animal pole process and the GV (b,
Immunofluorescent microscopy. In the region where the fibrous structure was obs
array along the cell surface, a stalk elongating from the center of the radial arrayoocytes of asteroids, whose GV stays beneath the cell
surface (Shirai et al., 1990). As shown in Figs. 4cV and dV,
the condensed chromosomes are lying along the inner
surface of the GV.
Germinal vesicle relocation and microtubular arrays in
oocytes whose germinal vesicle was forced to move to their
vegetal pole
To further examine the microtubular arrays responsible
for GV movement, the position of the GV of immature
oocytes was changed from the center to the periphery of the
oocytes by centrifuging them at 350  g. In nine of the 36
centrifuged oocytes whose GV was moved to the area
opposite to the animal pole (Fig. 7a), the GV migrated
beneath the animal pole process after meiosis reinitiation,
which was then followed by GVBD. The remaining 27
oocytes, however, underwent GVBD before the GV reached
the cell surface (Fig. 7c). In those oocytes with eccentrically
moved GV, both the onset of GV migration and GVBD were
delayed by 10–15 min compared with those of the controls.
During the migration, a distinct thick streak-like structure
was observed between the animal pole process and the GV,
by differential interference-contrast microscopy (Fig. 7b,
arrow). As shown in Fig. 7d, the region including the
structure contains a microtubular array, which consists of
three components, a radial array along the cell surface, a
stalk elongating from the center of the radial array, and a
funnel-shaped array with its opening toward the GV.
Electron microscopy
Under light microscopy, the animal pole process seems
rather transparent compared with the cytoplasm around it
(Fig. 1a). Electron microscopy revealed that in immature
oocytes, this area excludes large cytoplasmic inclusions
such as yolk granules or vesicles (Fig. 8a). Instead,
centrioles are observed at the basal area of the animal pole
process (Fig. 8a, arrowheads). At this stage, two pairs of
centrioles, namely, two centrosomes, are present, indicating
that centrosome duplication has already completed. In Fig.
8a, two of the four centrioles are seen, each of which is
contained in separate centrosomes. In the animal pole
process, membrane cisternae containing densely packedto their vegetal pole side. (a–c) DIC microscopy. After meiosis reinitiation,
arrow). The GV broke down before it arrived beneath the cell surface. (d)
erved, a microtubular array was observed, which was composed of a radial
, and a funnel-shaped array opening toward GV.
Fig. 8. Ultrastructure of the area around the animal pole process. (a) Immature oocyte. The area inside the process excludes cytoplasmic large inclusions such as
yolk granules or vesicles. In stead, it is abundant in annulate lamellae. Centrioles (arrowheads) are situated at the base of the process, which are surrounded by
annulate lamellae. Two centrioles are seen on this section. (b) Twenty minutes after meiosis reinitiation. The granule-less area further develops. On this section,
a centriole (arrowhead) is seen, which is surrounded by annulate lamellae. (c) Twenty-five minutes after meiosis reinitiation. The granule-less apical area
further develops. Near the end of the apical area, a centriole is seen, which is surrounded by annulate lamellae. Indentations of the GV envelope are observed.
Through the frame a–c, the position of the centrioles is not significantly changed during GV migration. (d–g) Two pairs of centrioles were detected on the
sibling serial sections of c.
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observed, which are located close to the centrioles. After
the reinitiation of meiosis, the apical area excluding
granular structures develops (Fig. 8b). In an oocyte with
a GV near the cell surface (Fig. 8c), the granule-less area
develops further. But, the area terminated on the way to
the GV (Figs. 8c and 9c), and yolk granules and some
other cytoplasmic inclusions occupy the area between
them. Figs. 8d–g show two sets of the paired centrioles
(arrows and arrowheads) on the serial sections of the
oocytes shown in Fig. 8c. From the centrioles, numerous
microtubules are radiating. During GV migration, the
centrioles keep their position at a constant distance from
the surface (Figs. 8a–c; arrows). Annulate lamellae are
always observed close to those centrioles.
Figs. 9a–c show an area between the animal pole process
and the GV in an oocyte at 20 min after meiosis reinitiation.
In this oocyte, the GV is seen at the lower edge of the frame
c. The frames a and b are the enlarged images of the upper
and lower parts of frame c, respectively. From the centrioles
(Fig. 9a, arrowheads), numerous microtubules are radiating
toward the cell surface (long black arrows). Along thesemicrotubules, streak-like fragments of annulate lamellae are
observed (white arrows), and aggregates of annulate
lamellae (asterisks) are present around the astral array.
Some microtubules are also observed running parallel to the
cell surface (short black arrows). From the centrioles,
microtubules also elongate straight toward the GV (Fig.
9b, long black arrows). These straight bundles however
terminate at an aggregate of annulate lamellae, where they
turn their direction toward the flank of the GV (short black
arrows; cf. Fig. 5b). Also here, streak-like fragments of
annulate lamellae are observed running along the micro-
tubular bundles.
As described above (Figs. 1c and d), indentations of the
nuclear membrane are prominent in the flattened area of the
GV that is coming close to the animal pole process. Electron
microscopy revealed that the indentations are folds of the
nuclear membrane (Fig. 9d). The folded membrane is
further deformed after being pressed against some granules
(Fig. 9e). Along the folded membrane, annulate lamellae are
observed. In the area where the microtubules from the
centrosomes have contact with the GV surface (Figs. 9f and
g), electron dense particles are often observed (Fig. 9g). In
Fig. 9. Ultrastructure of the area between the animal pole process and GV. (a–c) An oocyte at 20 min after meiosis reinitiation. Panels a and b are enlarged
images of the upper and lower parts of figure c, respectively. (a) Area between the animal pole process and centrioles. From the centrioles (arrowheads),
microtubules are radiating toward the apical surface and the inner cytoplasm (long black arrows). Fragments of annulate lamellae (white arrows) are along the
radiating microtubules. Around the centrioles, several masses of annulate lamellae (asterisks) are seen. Microtubules are also seen running parallel to the cell
surface (short black arrows). (b) Area between the centrioles and GV. From the centrioles, microtubules are running toward the GV (long arrows). Also here,
fragments of annulate lamellae are located along the microtubules. The straight bundles of microtubules elongating from the centrioles terminate at a large mass
of annulate lamellae, where microtubules spread (short arrows). (c) An overall view of the area between the cell surface and GV. The GV is seen at the lower
edge of the frame. The arrow indicates a large mass of annulate lamellae. (d–g) An oocyte whose GV is situated beneath the animal pole process. (d) An overall
view of the area between the cell surface and GV. Indentations of the nuclear envelope are prominent. Panels (e) and (f) are enlarged figures of the right and left
square areas in panel d, respectively. (e) Indentations are folds of the nuclear membrane, which is abundant in the nuclear pores. The folded nuclear envelope is
further deformed by being pressed against granules. Annulate lamellae are seen running parallel to the nuclear membrane (white arrow). (f) Microtubules
spreading obliquely at the annulate lamella are running to the GV surface. (g) In the area where the microtubules (arrow) reach the GV surface, many tiny
particles with high electron density are observed.
A. Miyazaki et al. / Developmental Biology 280 (2005) 237–247244immature oocytes, microtubules enclosing the GV are
distributed evenly around the nucleus, but during the
movement of GV, they became thicker on the GV surfacefacing the migration direction and were thinner gradually
from the flank to the vegetal pole side of the nucleus. The
GV membrane is abundant in the nuclear pores. The oocyte
A. Miyazaki et al. / Developmental Biology 280 (2005) 237–247 245cortex contains few bipartite granules reminiscent of the
cortical granules observed in sea urchin or starfish eggs.
This could be a reason why zygotes lack a distinct
fertilization envelope.
Clear spot
Sea-cucumber oocytes have a cytoplasmic islet at the
vegetal pole, which is 10–20 Am in diameter (Fig. 10a). The
islet was birefringent, as revealed by polarization micro-
scopy (Fig. 10b). This islet, termed the dclear spotT
(Maruyama, 1981), became observable more clearly after
the onset of GV migration, and was maintained during
meiosis (Fig. 1). Electron microscopy revealed that the clear
spot is a huge mass of annulate lamellae stacked tightly in a
concentric arrangement (Fig. 10c), or in a few cases, a large
cluster of aggregates of annulate lamellae. Some clear spots
include granules (Fig. 10d). In some oocytes, the clear spot
was stained with an anti a-tubulin antibody. In addition to
the landmark for the animal pole, sea-cucumber oocytes
bear another axial landmark, which is a clear spot for the
vegetal pole.Fig. 10. Clear spot. A clear spot is seen at the vegetal pole of immature
oocytes (arrows). (a) DIC and (b) birefringence micrographs. (c) The clear
spot is a huge mass of annulate lamellae. (d) Some annulate lamellae
include granules.Discussion
Smiley and Cloney (1985) have described the following
three classes of microtubules for fully-grown immature
oocytes of the sea cucumber, Sticopus californicus, in which
the GV is located eccentrically beneath the cell surface in
the ovary: (i) microtubules elongating from the animal pole
process which enclose the GV; (ii) microtubules lying along
the cortex; and (iii) microtubules radiating from the deep
cytoplasm towards the cell surface. In the present study, we
distinguished five types of microtubular arrays in fully-
grown oocytes of H. moebi: (i) microtubules radiating from
centrosomes toward the cell surface; (ii) microtubules
elongating from the centrosomes toward the GV; (iii)
microtubules running along the GV; (iv) microtubules
forming a cytoplasmic meshwork; and (v) microtubules
lying along the cell surface.
In immature oocytes centrifuged under a centrifuge
microscope (cf. Miyazaki et al., 2000), the minimal force
to move the GV to either side of the animal or vegetal pole
of the oocytes was the same (160  g), suggesting that a
device connecting the GV and the cell cortex is not present
before meiosis is reinitiated. Prior to the onset of GV
migration after meiosis reinitiation, microtubular bundles
appeared between the centrosomes and the GV, which
developed and became thicker and shorter as the GV
migration proceeded. During the GV migration, an inden-
tation formed on the cell surface in oocytes deprived of the
jelly coat. Disruption of the microtubular bundles by
nocodazole inhibited GV migration. These observations
indicate that the microtubular bundles link the GV to the cell
surface, which in turn indicates that the centrosomes anchor
to the cell cortex. As observed by electron microscopy, the
position of the centrosomes was kept constant during the
GV migration by the microtubules radiating from them to
the cell surface. The microtubular bundles originating from
the centrosomes did not run straight up to the GV, but
instead spread radially on the way toward the GV to form a
funnel-like array terminating on the flank side of the GV.
Taking together, the above observations raise a possi-
bility that minus end-directed shortening of the microtubular
bundles may generate the force to draw the GV. By this
model, the occurrence of indentations on the GV envelope
and the partially plane surface on the front side of the
migrating GV is explained below. When the microtubular
array draws up the GV, an opening of the funnel-like array
catching the nucleus decreases its diameter. This deforms
the GV into an oval shape, as observed at the onset of the
GV migration (Fig. 1b). In contrast, the mechanical
resistance of the cytoplasm against the GV, which is
passively produced by the migration of the GV in a large
volume, would compel the nuclear envelope facing the
animal pole process to cave in. These two kinds of forces
would inevitably not only create a partially plane surface on
the GV, but would also cause indentations in the nuclear
envelope which decrease the apparent area of the GV
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GV envelope are also prominent in the area facing the cell
surface in fully-grown immature starfish oocytes (Kato et
al., 1990), in which the GV has come to rest beneath the cell
surface far before meiosis reinitiation. Such indentations are
remnants of those that have been produced during GV
relocation in the ovary, because in growing starfish oocytes,
the GV rests in the center of the cell.
The GV of the present sea-cucumber oocytes is not
associated with the centrosome. For the movement of
centrosome-lacking nuclei such as the female pronucleus, a
model has been proposed in which the nuclei track along
microtubules toward the minus end via cytoplasmic dynein
located on the nuclear membrane (Reinsch and Go¨nczy,
1998; Reinsch and Karsenti, 1994; Schatten, 1994). If such
minus-end motors anchor to the GV membrane, the model
also applies to the positioning of nuclei with large volume
such as the GV. The emergence of prominent indentations
on the leading side of the moving GV may result from
direct interactions of the nuclear membrane with micro-
tubules via dynein. Microtubules along the GV envelope,
as well as the cytoplasmic meshwork, may also participate
in the dynein-dependent movement of the GV, in addition
to providing the GV with mechanical strength. It is
probable that the two mechanisms described above are
involved in GV relocation.
In the usual cell-division cycle of somatic cells, the
centrosome is located on the nucleus during interphase, and
duplicates in S phase (Robbins et al., 1968). In some cells,
centrosomes in interphase relocate beneath the cell surface.
In growing starfish oocytes, two centrosomes are located
beneath the oocyte surface, whereas the GV is in the center
of the oocyte (Miyazaki, unpublished data). In ciliated cells
of sea-urchin larvae, the centrosome shuttles between the
cell surface and the nucleus to work as the basal body for
ciliogenesis and as the mitotic pole for cell division,
respectively (Masuda and Sato, 1984). A similar shuttling
of centrosomes between the cell surface and the nucleus was
observed in polarized epithelial cells (Reinsch and Karsenti,
1994). In those cells, centrosome duplication occurs apart
from the nucleus. Also in the present sea-cucumber oocytes,
centrosomes relocate beneath the cell surface at an early
stage of oogenesis, probably just after the time when
oogonia stop dividing, then transfer into primary oocytes.
The close location of the two centrosomes beneath the cell
surface suggests that the centrosome inherited by the
primary oocytes relocates from the nucleus to the oocyte
surface before the occurrence of S phase in the first meiosis.
The precocious relocation of centrosomes in oocytes is
necessary to determine the position of tiny meiotic spindles
which form just beneath the cortex to extrude polar bodies.
It is very interesting to note that the centrosome anticipates
the animal pole far before the reinitiation of meiosis,
especially in sea-cucumber oocytes; this is related to the
preformed surface structure where the animal pole process
occurs during oogenesis.In the ovary, the tip of the animal pole process attaches to
the follicular cell capsule (Maruyama, 1980; Smiley and
Cloney, 1985). Significant features of the animal pole
process are that the GV migrates to the process and breaks
down, polar bodies are extruded from it, and the first
cleavage furrow passes by it. Thus, the process might itself
manifest the animal pole, together with the centrosomes
located beneath it. The process is referred to in the literature
as a micropyle process or micropyle appendage (cf.
Maruyama, 1980; Smiley and Cloney, 1985). These terms
are, however, confusing because they suggest that the
oocyte is fertilizable at only one point on its surface, as
Smiley and Cloney (1985) mentioned previously. Sea-
cucumber oocytes can accept sperm at other areas of the
cell surface. If the sperm enters the protuberance, it must
form a multipolar meiotic spindle together with the egg
centrosomes located at the protuberance, which would result
in the failure of normal meiotic division (cf. Matsuura and
Chiba, 2004). Smiley and Cloney (1985) called the
protuberance the apical protuberance or the axial protub-
erance. Such terms or the animal pole process may be more
appropriate.
Prominent annulate lamellae were observed in the
present sea-cucumber oocytes. Annulate lamellae are of
widespread occurrence in animals and plants, and are most
commonly observed in the cytoplasm of germ cells and
rapidly dividing somatic cells such as embryonic or tumor
cells (Kessel, 1992). In oocytes of the amphibians Cynops
and Xenopus, annulate lamellae increase in number upon
meiosis reinitiation, and most of them relocate from the
inner cytoplasm to beneath the cortex and to the periphery
of the GV during GV relocation from the center to the
periphery of the oocytes (Imoh, 1982). In the oocytes of the
present study, such changes were not observed, but annulate
lamellae were predominantly found in the animal and
vegetal pole regions. Those annulate lamellae were com-
posed of membrane cisternae and pore complexes, but
unlike other kinds of cells, they were not associated with
heavy bodies (Afzelius, 1957; Steinert et al., 1984) or other
organelles (Kessel, 1992).
Annulate lamellae are mysterious cell organelles. Kessel
(1992) dubbed them dthe last frontier in cell organellesT
since there is no direct evidence for their proposed roles. A
close association between annulate lamellae and micro-
tubules/centrosomes, however, has been noted by many
investigators (Dabauvalle et al., 1991; Imoh, 1982; Kallen-
bach, 1982; Kessel, 1989, 1992; Steinert et al., 1974, 1984;
Sutovsky et al., 1998; Szo¨llosi et al., 1996). In the present
oocytes, annulate lamellae located in the animal pole region
were situated close to centrioles, along the straight bundles
of microtubules and at the points of inflection of the
microtubules. The positioning of the annulate lamellae
suggests that they may have a close relation with the
arrangement or function of the microtubular arrays for GV
migration, although another possibility cannot be excluded.
That is, those annulate lamellae accumulate around the
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(cf. Reinsch and Karsenti, 1997; Sutovsky et al., 1998). In
the vegetal pole region, on the other hand, annulate lamellae
gather into a huge mass to form a prominent structure, the
clear spot. The clear spots swell around the time when GV
migration starts, and some of them were stained with an
anti-tubulin antibody. However, they seem not to be
involved in GV migration. The behavior and role of these
annulate lamellae during meiosis and post fertilization are
now under investigation. Annulate lamellae have not yet
been isolated in pure form or in sufficient quantity for
extensive biochemical analyses. Sea-cucumber oocytes
bearing a large mass of annulate lamellae may be useful
for mass isolation of this cell organelle.Acknowledgments
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